The effect of l -carnitine on lipid peroxidation and enzymatic antioxidants, such as superoxide dismutase, catalase, and glutathione peroxidase, was evaluated in brain regions of young and old rats. In all brain regions except the hypothalamus, lipid peroxidation was higher for old rats than for young control rats. The activity of superoxide dismutase, glutathione peroxidase, and catalase was lower in the striatum, cerebral cortex, and hippocampus, but no difference was observed in the hypothalamus and cerebellum. l -Carnitine administration (intraperitoneally) prevented thiobarbituric acid-reactive substance formation in the cerebral cortex, cerebellum, hypothalamus, hippocampus, and striatum of 24-month-old rats. Administration of l -carnitine reversed the age-associated changes in a duration-dependent manner. Results suggest that the neuroprotective effect on the brains in old rats was achieved by the elevation of antioxidants with l -carnitine.
GING is associated with an array of changes in neuronal function, many of which have been attributed to accumulation of reactive oxygen species (ROS) that arises from either an increased formation of ROS, a compromised ability of the aged brain to cope with stress, or a combination of both factors (1, 2) . The brain is prone to oxidative damage because of its comparatively high levels of oxygen metabolism and the unique composition of its cellular membrane that contains large amounts of oxidant-sensitive polyunsaturated fatty acids.
l -Carnitine is a quaternary ammonium compound distributed heterogeneously in the brain. All the enzymes necessary for the synthesis of carnitine are present in the brain tissue. l -Carnitine transports long-chain fatty acids through the inner mitochondrial membrane, regulates ketogenesis, and is involved in the metabolism of branched chain amino acids (3) . Acetyl l -carnitine (ALCAR) supplementation in old rats reverses markedly the age-associated decline in many indices of mitochondrial function and general metabolic activity (4) . ALCAR has the ability to reduce the agedependent increase of cerebral levels of both sphingomyelin and cholesterol (5) . Matsuoka and coworkers (6) reported that, in the mouse, l -carnitine suppressed seizures and impairments of brain metabolism caused by hyperammonemia. These findings suggested that l -carnitine might modulate energy metabolism in the brain. Although carnitine can be synthesized in the body, adults normally obtain carnitine from the diet. The decrease in carnitine concentration in old age is attributed mainly to malnourishment (7) . This compound is also used as a therapeutic agent in several conditions such as atherosclerosis, kidney failure, mitochondrial myopathy, and AIDS (8) . The current study analyzes the free radical scavenging action of l -carnitine in various brain regions of young and old rats.
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Materials
l -Carnitine (inner salt) was obtained from Sigma (St. Louis, MO). All other chemicals were of reagent grade.
Animals
Male Wistar albino rats were segregated into two different age groups: young (4 months of age) and old (24 months of age), respectively. Each age group was subdivided into four groups: a control group Ia and three treated groups. Treated groups were based on the days of carnitine administration: 7 days, 14 days, and 21 days. Rats were maintained on commercial rat feed that contained 5% fat, 21% protein, 55% nitrogen-free extract, and 4% fiber (w/w), with adequate mineral and vitamin contents. Each group consisted of six rats. The rats had access to food and water ad libitum. The experimental group was administered l -carnitine (300 mg/kg body weight/day) intraperitoneally in 0.89% physiological saline, whereas the control groups received saline alone. Twenty-four hours after the last injection in the respective groups, all the animals were decapitated; their brains were quickly, but carefully, removed and dissected into the hypothalamus, hippocampus, cortex, cerebellum, and striatum according to the method of Glowinski and Iverson (9) and immersed in saline. Tissue homogenate (10%) was prepared in the ice-cold Tris-EDTA buffer (pH 7.4; 0.1 M Tris-HCl and 1 mM EDTA) using mechanically driven Teflon-fitted Potter Elvejhem-type homogenizer for 1 minute for the total disruption of cells. Tissue homogenates were used to measure superoxide dismutase (SOD) (10), catalase (11) , glutathione peroxidase (12) , and lipid peroxidation (13) . The difference in values of control and experimental groups were analyzed by Student's t test. Table 1 shows the status of lipid peroxidation in various brain regions of young and old rats before and after l -carnitine supplementation. For old rats, compared with young control rats, a greater level of lipid peroxidation was observed in the cortex, hippocampus, striatum, and cerebellum, but not the hypothalamus. l -Carnitine supplementation did not induce any alteration in the brains of young rats, whereas in the brains of old rats, lipid peroxidation was reduced in all areas except the hypothalamus. After 21-days ALCAR treatment, highly significant ( p Ͻ .001) changes were observed in the cortex, hippocampus, and striatum in the brains of old rats treated for 21 days, compared with old control rats. Table 2 presents the effect of l -carnitine on the activity of SOD in the brains of young and old rats. Our observation revealed that the activity of SOD was lower in old control rats when compared with young control rats. Substantial decrements were observed in the cortex and striatum ( p Ͻ .001) and moderate decrements were observed in other brain regions of old rats ( p Ͻ .01). After 21 days of treatment, l -carnitine supplementation restored the enzyme activity to near-normal levels in the brains of old rats. Table 3 shows the activities of glutathione peroxidase in the brains of young and old rats before and after l -carnitine treatment. As observed for SOD activity, glutathione peroxidase activity was decreased in the cortex, hippocampus, and striatum of old control rats when compared with the same brain regions of young rats ( p Ͻ .001). Apparently, both l -carnitine supplementations enhanced the activity of glutathione peroxidase in the brains of both young and old rats. The activity of glutathione peroxidase was near normal in the cortex, hippocampus, and striatum of 21-day treated old rats, compared with that of old control rats. Table 4 shows the efficacy of l -carnitine supplementation on the activity of catalase in the brains of young and old rats. Age-dependent decrements in the activity of catalase were observed in specific brain regions of rats. The activity of catalase decreased in all five brain regions of old rats, with significant changes observed in the cortex, hippocampus, and striatum; p Ͻ .001. Supplementation of carnitine to the old rats partially reversed the age-associated decrements. These effects varied among the brain regions (26%, 16%, and 14% increases in catalase activities, in the cortex, hippocampus, and striatum, respectively).
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Aging induces several structural and functional changes in the brain. An imbalance of changes caused by increased generation of free radicals and decreased functional efficiency of the antioxidant system has been suggested to be one of the primary factors that contributes to the aging process (14) . Antioxidant enzymes, such as SOD, catalase, and glutathione peroxidase, constitute a natural defense system against the activity of oxidants. The survival of an organism may depend on the ability of the organism to overcome the toxic effects of ROS.
SOD catalyzes the dismutation of the superoxide radical into hydrogen peroxide (H 2 O 2 ). Age-related decline in SOD activity, as documented in this study, was also observed in earlier investigations (15, 16) . Superoxide radicals affect the lipid phase of the myelin by changing its structure into a more disordered state (17) . The superoxide radical also inhibits aconitase activity and thereby affects the tricarboxylic acid cycle (18) . Earlier studies (16) showed that carnitine supplementation enhances the dismutation of superoxide radicals by increasing the levels of SOD activities. Susceptibility to oxidative stress may differ among various regions of the brain. A form of glutathione peroxidase is the major antioxidative enzyme present in the brain. Glutathione peroxidase decomposes H 2 O 2 at the expense of the glutathione molecule (19) . The activity of this enzyme was low in the brains of old rats. The lowering of glutathione peroxidase activity with aging may be attributed to a decline in glutathione concentration. The enzyme monoamine oxidase oxidizes dopamine with the production of H 2 O 2 , leading to an accumulation of H 2 O 2 and dopamine metabolites. During aging, the activity of monoamine oxidase is particularly high in the cortex and striatum, which may be responsible for the higher susceptibilities of these regions to ROS stress. l-Carnitine enhanced glutathione peroxidase activity significantly in both of these regions. Apparently l-carnitine promotes energy production particularly in the brains of old rats. The energy-promoting action of l-carnitine was confirmed in the condition of hyperammonemia (20, 21) . An increase in the activity of catalase after supplementation was observed, confirming that carnitine provides reducing equivalents necessary for converting catalase from the inactive form to the active form.
The greater the degree of unsaturation in fatty acid, the higher the rate of lipid peroxidation. Neuronal membranes, that are rich in unsaturated fatty acids, are highly susceptible to lipid peroxidative damage, an index of ROS stress (22) . Increased arachidonic acid turnover may play a vital role in increased ROS stress. Iron is a potent pro-oxidant and a necessary catalyst for in vitro lipid peroxidation (23) . The hippocampus contains a large amount of nonheme iron that makes this area of the brain particularly susceptible to free radical-induced lipid peroxidation. Based on the degree of lipid peroxidation, the hippocampus, striatum, and cortex are likely to be highly sensitive to ROS stress. Some agerelated increases in lipid peroxidation may be correlated with decreased antioxidant enzyme activities. l-Carnitine supplementation causes a dramatic reduction in malondialdehyde formation in each of the three brain regions. Carnitine supplementation increased overall antioxidant enzyme status as a function of the duration of treatment, thus decreasing the levels of free radicals available for lipid peroxidation. Carnitine can also act as a chelator by decreasing the concentration of cytosolic iron, which plays a very important role in free radical chemistry (24) . Koudelova and colleagues (25) showed that the production of lipoperoxides were decreased by carnitine, thereby protecting various tissues from damage. Carnitine and its esters protect cells from ROS damage both by inhibiting free radical propagation and by contributing to the repair of oxidized membrane phospholipid (26) . Differential activities of these enzymatic antioxidants in diverse regions may be responsible for different rates of aging in various brain regions.
In summary, the regional variation seen in the action of carnitine on antioxidant status in different brain regions of young and old rats may be caused by regional differences in the uptake and transport of l-carnitine. Our results show that l-carnitine has a capacity to prevent free radical-induced damage, partly because of its antioxidant property.
